Relative proximity of chromosome territories influences chromosome exchange partners in radiation-induced chromosome rearrangements in primary human bronchial epithelial cells by Foster, HA et al.
Mutation Research 756 (2013) 66– 77
Contents lists available at ScienceDirect
Mutation Research/Genetic  Toxicology  and
Environmental Mutagenesis
j o ur nal hom epa g e: www.elsev ier .com/ locate /gentox
Co mm u ni t y add ress : www.elsev ier .co
Relative  proximity  of  chromosome  territories  infl
exchange  partners  in  radiation-induced  chromos
in  prim
Helen  A.  emi
Mark  A.  H
a Centre for Cel 8 3PH
b Centre for Inf est L
c CRUK/MRC Gray Institute for Radiation Oncology & Biology, Department of Oncology, University of Oxford, OX3 7DQ, UK
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 5 Jun
Accepted 6 Jun
Available onlin
Keywords:
Complex chro
-Particles
Nuclear geom
a  b  s  t  r  a  c  t
It  is  well  established  that  chromosomes  exist  in  discrete  territories  (CTs)  in  interphase  and  are  positioned
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in  a  cell-type  specific  probabilistic  manner.  The  relative  localisation  of  individual  CTs  within  cell  nuclei
remains  poorly  understood,  yet  many  cancers  are  associated  with  specific  chromosome  rearrangements
and  there  is good  evidence  that  relative  territorial  position  influences  their  frequency  of exchange.  To
examine this  further,  we  characterised  the  complexity  of  radiation-induced  chromosome  exchanges  in
normal  human  bronchial  epithelial  (NHBE)  cells  by  M-FISH  analysis  of  PCC  spreads  and correlated  the
exchanges  induced  with  their  preferred  interphase  position,  as  determined  by  1/2-colour  2D-FISH  anal-
ysis, at  the  time  of  irradiation.  We  found  that  the  frequency  and  complexity  of  aberrations  induced
were  reduced  in  ellipsoid  NHBE  cells  in  comparison  to  previous  observations  in  spherical  cells,  consis-
tent  with  aberration  complexity  being  dependent  upon  the  number  and  proximity  of  damaged  CTs,  i.e.
lesion proximity.  To  ask  if  particular  chromosome  neighbourhoods  could  be  identified  we  analysed  all
radiation-induced  pair-wise  exchanges  using  SCHIP  (statistics  for  chromosome  interphase  positioning)
and found  that  exchanges  between  chromosomes  (1;13),  (9;17),  (9;18),  (12;18)  and  (16;21)  all  occurred
more  often  than  expected  assuming  randomness.  All  of  these  pairs  were  also  found  to  be  either  shar-
ing similar  preferred  positions  in interphase  and/or  sharing  neighbouring  territory  boundaries.  We also
analysed  a  human  small  cell  lung  cancer  cell  line,  DMS53,  by  M-FISH  observing  the  genome  to be  highly
rearranged,  yet  possessing  rearrangements  also  involving  chromosomes  (1;13)  and  (9;17).  Our  findings
show  evidence  for  the  occurrence  of  non-random  exchanges  that  may  reflect  the  territorial  organisation
of chromosomes  in  interphase  at time  of  damage  and  highlight  the  importance  of  cellular  geometry  for
the  induction  of  aberrations  of  varying  complexity  after  exposure  to  both  low  and  high-LET  radiation.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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nation of the complexity of radiation-induced chromo-
ations has been widely examined since the application
hromosome painting techniques demonstrated the
of complex chromosome aberrations (3 or more breaks
e chromosomes) to be more common than previously
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thought [1]. 24-Colour and multiple-colour banding techniques
have since provided insight into the characteristic induction of
complex exchanges after exposure to low doses of high-linear
energy transfer (LET) radiation and also after relatively high doses
of low-LET radiation, revealing their importance not just as poten-
tial biomarkers of radiation exposure and determinants for cellular
fate [2–6], but also as events that further our understanding of the
mechanisms of chromosome exchange formation. For instance, by
combining multiplex-fluorescence in situ hybridisation (M-FISH)
data of complex aberrations with modelling predictions of the
number of chromosome territories (CTs) intersected by individ-
ual -particle tracks, a correlation between aberration complexity
and the number of individual territories intersected by each track
was  shown [7]. A model was  proposed which was  based on theo-
retical ‘rejoining’ cycles [8–10] whereby complex exchanges could
 see front matter ©  2013 The Authors. Published by Elsevier B.V. All rights reserved.
rg/10.1016/j.mrgentox.2013.06.003ary  human  bronchial  epithelial  cells
Fostera,b,  Gemma  Estrada-Gironaa,b, Matthew  Th
ill c, Joanna  M.  Bridgera,  Rhona  M.  Andersona,b,∗
l and Chromosome Biology, Division of Biosciences, Brunel University, West London UB
ection, Immunity and Disease Mechanisms, Division of Biosciences, Brunel University, Wm/locate /mutres
uences  chromosome
ome  rearrangements
sa,b, Elisa  Garimberti a,b,
, UK
ondon UB8 3PH, UK
H.A. Foster et al. / Mutation Research 756 (2013) 66– 77 67
theoretically be formed through sequential linking of smaller, inde-
pendent exchanges [11] inferring that aberrations of increasing
complexity are cumulative products of multiple, localised rear-
rangements [7,12]. This implies two important aspects that relate
to chromos
sure, aberr
different CT
the geomet
ondly, for a
likelihood t
link and so
lesion prox
Chromo
when chrom
and repair 
tions occur 
(D) and 3D 
organisatio
example fo
vidual CTs w
techniques 
induced ch
understand
of ionising r
therefore, i
important 
chromosom
ciating the r
their excha
To exam
mechanism
rangements
chromosom
and correla
their prefer
findings sup
in part, to 
chromosom
nuclei and 
of forming 
2. Methods
2.1. Cell cultu
cells
We  source
cially (Lonza is
donor (Lot nu
tained at 37 ◦C
of  3.5 × 103 ce
(BEBM) (Lonza
human epider
iodothyronine
(0.2%) and gen
Cells  were pas
(∼1–1.5 × 106
For  this, medi
addition of ∼6
addition of 12 
at 220 g for 5 m
DMSO for long
For -irrad
monolayer at 
37 ◦C at dose r
passaged and s
late; Hoeschst
for 24 h and t
tute for Radia
in  a humidifie
ther 24–48 h b
(∼1.2–1.5 × 105 cells/dish) with 3.26 MeV  -particles (LET of 121 keV/m) using a
238Pu -particle irradiator described previously [24]. Cells were exposed to a dose
of  0.19 Gy (∼0.1 Gy/min) which corresponds to a mean of 1.03 high-LET -particle
traversals per cell nucleus for a nuclear area of 105 m2 (actual number of nuclear
traversals follows a Poisson distribution where 35.7%, 36.8%, 18.9% and 8.6% of nuclei
rsed 
lection
from N
electe
imic
ly pas
ion at
ology.
standa
totic in
crosco
osom
E cell
les as
on, NH
t a de
odeox
ndivid
riods 
on me
time. C
lls. Th
 (0.07
ope sl
ere dr
ome 
C unti
l cultu
53, a 
n Coll
 Medi
 1% p
rveste
for the
vested
d re-
75 M)
re and
l:ace
 and s
ltiplex
odifie
 chrom
ted th
t 65 ◦C
 (100 
hybrid
 incub
hen in
 min  a
n den
0.1× S
ol ser
verla
fore b
 for 5 
n agen
d at 3
C Tw
 were 
led an
-FISH
moso
eads w
ope c
temsT
harge
en by ome aberration formation. Firstly, for particulate expo-
ation complexity is a consequence of the number of
s intersected by each track and therefore is related to
ry of the nucleus and the angle of irradiation and sec-
ll radiations, aberration complexity is related to the
hat individual, localised rearrangements sequentially
 highlights the importance of ionisation density and
imity throughout the nuclear space [13,14].
some aberrations are visualised routinely in mitosis
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interphase FISH technology [15,16] enables the tertiary
n of chromosomes in interphase to be examined, for
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given that many cancers are associated with specific
e rearrangements and that there is good evidence asso-
elative territorial position of certain chromosomes with
nge frequency [19–23].
ine this further and gain insight into physical
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re and irradiation of primary normal human bronchial epithelial
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lls/cm2 in 15 ml  complete Bronchial Epithelial cell Basal Medium
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, Weisbaden, Germant) glass-walled dishes (30 mm internal diameter)
hen transferred, in a portable incubator at 37 ◦C, to the Gray Insti-
tion Oncology & Biology in Oxford. The cells were then maintained
d gassed (5% CO2/95% air) incubator at 37 ◦C as standard for a fur-
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d to irradiate early passage NHBE (p3/p4) cells in an effort to more
 effects in ‘primary’ cells rather than in populations that have been
saged in vitro. However the total number of cells available for exper-
 early passage is limited and insufficient for suspension harvest
 In addition, preliminary experiments showed NHBE cells to be refrac-
rd colcemid treatment for the collection of mitotic chromosomes
dices achieved of <1%. Accordingly, irradiated cells were seeded onto
pe slides for culture and treatment for the premature condensation
es (PCC) in situ.
s were seeded and irradiated with either low-LET -rays or high-LET
 a monolayer at 80–90% confluency as described in Section 2.1. After
BE cells were allowed to recover for 1 h at 37 ◦C then passaged and
nsity of 3.5 × 103 cells/cm2 in fresh complete BEBM, containing 10 M
yuridine (BrdU), onto flame sterilised glass microscope slides housed
ual quadriperm chambers (Starsted). The cells were then cultured for
of time and harvested to achieve the optimal collection of 1st post-
taphases by adding 40 ng/ml demecolchicine for the final 5 h of the
alyculin A (50 nM)  was  added 30 min  before fixation to induce PCC
e medium was then discarded and the cells incubated in hypotonic
5 M KCl) at 37 ◦C for 15 min  before being fixed by gently washing the
ides with fresh ice-cold 3:1 (v/v) methanol:acetic acid for ∼3–5 min.
ied individually on a humidified hot-plate to obtain well spread quality
preparations and stored in an air-tight container containing silica gel
l required.
re and preparation of metaphase chromosomes of DMS53 cell line
human small cell lung cancer (SCLC) cell line was obtained from the
ection of Cell Cultures (ECACC, Salisbury, UK)  and cultured in Way-
um MB  752/1 (Lonza) supplemented with 10% (v/v) of heat inactivated
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d to obtain mitoses by the addition of 0.025 g/ml demecolchicine
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 from the flasks. The cell suspension was centrifuged at 200 × g for
suspended in ∼8 ml  of hypotonic solution (1:1 of potassium chlo-
:sodium citrate (0.9%)) for 7 min at 37 ◦C. The cells were centrifuged
 then re-suspended in a drop-wise fashion in fresh ice-cold 3:1 (v/v)
tic acid, left for ∼1 h at −20 ◦C, fixed a further 4–5 times in fresh fixative
tored at −20 ◦C until required.
 fluorescence in situ hybridisation (M-FISH) assay
d method of the MetasystemsTM protocol was  used. To do this, fresh
osome preparations were hardened (3:1 methanol:acetic acid for 1 h,
rough an ethanol series (2 min  each in 70%, 70%, 90%, 90% and 100%),
 for 20 min, then 10 min in acetone) before being pre-treated with
g/ml in 2× SSC) at 37 ◦C for 1 h and then washed in 2× SSC.
isation, 10 l of MetasystemsTM 24-colour probe cocktail was  dena-
ating at 75 ◦C for 5 min. After this time, the probe was  placed onto ice
cubated at 37 ◦C for 30 min. In parallel, slides were incubated in 0.1×
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counterstained using 4′ ,6-diamidino-2-phenylindole (DAPI III) (Vysis,
d stored in the dark at −20 ◦C.
 analysis
me aberrations were analysed as previously described [2]. In brief,
ere visualised using an 8-position Zeiss Axioplan II fluorescence
ontaining individual filter sets for each component fluor of the
M probe cocktail plus DAPI. Digital images were captured for M-FISH
d-coupled device (CCD) camera (Photometrics Sensys CCD) coupled to
ISIS (MetasystemsTM). In the first instance, cells were karyotyped and
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analysed by enhanced DAPI banding. Detailed paint analysis was  then performed by
assessing paint coverage for each individual fluor down the length of each individ-
ual  chromosome, using both the raw and processed images for each fluor channel.
A  PCC spread was  classified as being apparently normal if all 46 chromosomes were
observed by this process, and subsequently confirmed by the MetasystemsTM M-
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hromosome paint (WCP) preparation
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Health (NIH), www.rsb.info.nih.gov) for the purpose of determin-
ge distance between homologous and heterologous chromosome
s). The distances between the boundary edges of each CT were mea-
ge aberrations induced in NHBE cells after exposure to
ays and high-LET ˛-particles
 gives the frequencies and types of chromosome
nitially induced in NHBE cells after exposure to low-LET
high-LET -particles and shows that both simple and
change types are induced (for more details see Themis
For -rays, the frequency of simple exchanges were sig-
reater after exposure to 0.5 and 1 Gy compared to sham
while a significantly greater frequency of complexes
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Table 1
Frequency of exchange aberrations in NHBE cells visualised by M-FISH.
Test Total cells Damaged cells (frequency) Type of damage (frequency)
Simple Complex
Sham 490 0.112 6 (0.010) 0 (0.00)
0.5  Gy -rays 179 0.168 11 (0.061) 2 (0.011)
1.0  Gy -rays 106 0.217 11 (0.104) 4 (0.038)
∼1  -particle/nucleus 682 0.346 84 (0.123) 42 (0.062)
was induced again compared to sham (0.00) after exposure to 1 Gy
(0.038, p = 0.04) but not 0.5 Gy (0.011, p = 0.17).
Simple and complex aberrations were also observed after expo-
sure to ∼1 -particle/nucleus at frequencies of 0.123 and 0.062,
respectively, giving a simple:complex (S:C) ratio of ∼2 (Table 1).
This proportion of complex aberrations induced is in contrast to
previous -particle studies at an equi-fluence of ∼1 track/nucleus
in peripheral blood lymphocytes (PBL) [7,12] and haemopoeitic
stem cells (HSC) [28] where the S:C ratio was ∼<1. In addition, only
∼40% of NHBE cells classified as containing an exchange were found
to have one or more complex, whereas this fraction was  greater
(60–80% depending on LET of the -particle) for both PBL and
HSC (Fig. 1). Therefore although complex chromosome aberrations
were induced in NHBE cells exposed in vitro to high-LET -particles
they do not represent the dominant exchange-type when irra-
diated in a perpendicular set-up (i.e. through the base of the
dish).
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When we visualise the erosion analysis data for chromosome
positioning in the histograms (Fig. 2), the skew of the graph
towards shell 1 or 5 allows us to state that the chromosome has
a preferential position towards the nuclear periphery or interior,
respectively. We  find chromosomes 7, 10, 12, 13 and 18 pref-
erentially located towards the nuclear periphery, chromosomes
16, 17 and 21 to occupy a more interior position and chro-
mosome 1 to occupy an intermediate position. The histogram
for chromosome 9 shows no apparent skew, instead it displays
a bimodal distribution, implying that either each homologue is
located in a different relative nuclear location or that there are
two  populations of cells within the culture. Although this bimodal
distribution is seen only rarely in interphase chromosome position-
ing, the differential positioning of certain chromosomes has been
observed in cells depending on their proliferative status [29,30].
For instance in fibroblasts, chromosome 18 is found in two dif-
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Table 2
Triangular matrix of chromosome exchange partners observed in 1st cell division NHBE cells and SCHIP analysis data.
The top half of the table shows the observed number of pair-wise exchanges between all heterologous autosomes and the bottom half shows the deviation from that expected if all the autosomes were randomly located
relative  to each other. A positive value indicates an excess of observed events, implying that two autosomes are, on average, closer to each other than expected [32].
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Table 3
SCHIP analysis of selected pair-wise chromosome exchanges.
Candidate cluster p-Value Candidate cluster p-Value
(1;2) 0.451200 (9;11) 0.527100
(1;3) 0.177300 (9;17) 0.029300
(1;13) 0.019300 (9;18) 0.046500
(1;18) 1.000000 (12;18) 0.012200
(3;6) 0.212800 (15;16) 0.383900
(3;15) 0.088300 (16;21) 0.005000
(4;12) 0.070300 (18;19) 1.000000
(6;8) 0.059500 (20;22) 0.187000
(6;10) 0.401500 (21;22) 1.000000
(7;10) 0.094500
Bold font denotes statistical significance at 95%.
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l chromosomes. For this reason, individual karyotypes were
 in a cartoon format and grouped in an effort to identify those
osomes that were interacting with each other (Fig. 5). By
this for each metaphase spread a number of clonal abnor-
s were identified (Tables 6 and 7).
cussion
h simple (S) and complex (C) aberrations were observed
BE cells after exposure to high-LET -particles (∼1 -
e/nucleus) and low-LET -rays (1 Gy), however only simple
ges were detected at appreciable levels above sham at the
dose of 0.5 Gy -rays (Table 1), consistent with expectations
posure to low doses of sparsely ionising radiation only rarely
 in complex rearrangements (e.g. involving multiple breaks
 different chromosomes) [5]. The proportion of all exchanges
ed as complex after exposure to high-LET -particles was
S:C ratio ∼2), in-line with that observed in fibroblast cells
Table 4
Average distan
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1 and 13 
9  and 17 
16  and 21 s. Although SCHIP cannot ‘mine’ interchange matrix
tract non-random pair-wise exchanges, it can be used
ignificance of particular ‘chromosome clusters’. Accord-
entified the pair-wise exchanges that appear to occur
ently than others based on data in the upper part of
1;3), (1;13), (3;6), (3;15), (4;12), (6;8), (7;10), (9;17),
18) and (16;21). Given the small numbers of ‘events’
-set due to the limited number of exchanges actually
ble 1) (essentially 202 colour-junctions distributed over
e heterologous pair-wise combinations) we have also
number of pair-wise exchanges that did not appear to
any frequency, specifically (1;2), (1;18), (6;10), (9;11),
;19), (20;22) and (21;22). Table 3 shows the p-values
r the above mentioned candidate clusters and identifies
n-induced pair-wise exchanges, namely (1;13), (9;17),
18) and (16;21), that occur more often than expected
andomness. To examine these findings in more detail,
H was performed for the purpose of determining the
tween chromosome territories (CTs) for identified pairs
omes (Fig. 3). The average distance between the visible
e two closest CTs was 0.21 ± 0.49 m (range 0–2.06),
m (range 0–2.47) and 0.61 ± 0.94 m (range 0–2.85)
somes (1;13), (9;17) and (16;21) respectively (Table 4).
 50–60% of all nuclei observed (for each pair) had at least
CTs visibly touching and sharing neighbouring CT sur-
ntrast the average distance between homologous pairs
 (Table 5) consistent with measurements reported by
33] and Heride et al. [34].
 karyotypic analysis of small cell lung cancer cell line
 relationship between Radon exposure in the home and
nce of lung cancer has been demonstrated, with esti-
adon accounts for 9% of all lung cancer deaths in Europe
 histological type that most contributed to this increase
cell lung cancers (SCLC), therefore, a previously unchar-
on-metastatic SCLC cell line (DMS53) was selected for
yotypic analysis with the objective of identifying clonal
Fig. 3. R
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e pair Average distances between CTs in order of relative proximity (m)
1 
Touching CTs (% of nuclei)
0.21 ± 0.49 59 
0.75 ± 0.99 64 
0.61 ± 0.94 51 e interphase positions of chromosomes in NHBE cells. Panel A shows
 1 (red) and 13 (green), Panel B shows chromosomes 9 (green) and 17
nel C shows chromosomes 16 (red) and 21 (green). Panel D outlines a
lative positioning of chromosome territories in NHBE cells as deter-
bining information generated from chromosome position analysis,
 of radiation-induced aberrations and 2-colour FISH of CTs.
ce between homologous chromosome pairs in interphase.
e Average distances
between CTs (m)
Touching CTs
(% of nuclei)
4.04 ± 2.54 7
5.42 ± 3.35 0
3.52 ± 2.54 1
5.66 ± 3.98 0
5.79 ± 2.81 0
3.25 ± 2.13 0
53 cells were fully karyotyped revealing extraordinar-
 cytogenetic patterns (Fig. 4) with most metaphasesut in contrast to previous M-FISH studies examining
2 3 4
1.7 ± 1.62 4.69 ± 1.69 7.09 ± 2.12
2.7 ± 2.21 5.38 ± 2.87 8.59 ± 2.57
2.74 ± 2.48 4.54 ± 2.43 6.7 ± 3.08
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Fig. 4. Representative M-FISH image of a pseudo-coloured DMS53 karyotype.
an equi-fluence (1 track/nucleus) of -particle-induced aberra-
tion complexity in peripheral blood lymphocytes (PBL) [7,12] and
haemopoeitic stem cells (HSC) [28], where the S:C ratio was  ∼<1.
Indeed, between 60 and 80% (depending on LET of the -particle)
of HSC or PBL which contained an exchange were classified as hav-
ing at least one complex in comparison to only ∼40% of NHBE cells
(Fig. 1). This reduction in complexity may  be a reflection of the rela-
tionship between the delayed formation of exchanges in heavily
damaged cells [2,39–41] whereby exchanges of increasing com-
plexity are observed at later sampling times [42]. However no evi-
dence for this was found in NHBE cells (for more details see Themis
et al. [27]). Therefore complex chromosome aberrations are not the
dominant exchange-type in NHBE cells exposed in vitro to high-LET
-particle radiation in a set-up where the -particles hit perpen-
dicularly. The small proportion of non-G1 cells present at the time of
irradiation and/or differences in repair fidelity may  be relevant but
also pertinent is that NHBE cells are ellipsoid in shape and geometri-
cally flatter than PBL or HSC. Thus, NHBE cells irradiated with a sin-
gle -particle through the base of the dish (as in this study), would
be expected to have fewer chromosome territories intersected (and
also fewer total DSB) compared to spherical nuclei (Fig. 1). Accord-
ingly, these data support the proposal that in addition to radiation
quality and dose, the complexity of aberrations initially induced by
Fig. 5. Cartoon of DMS53 ‘cell 2’ M-FISH karyotype. Groups of interacting chromosomes (A, B and C) 
pattern assumed in each ‘normal’ chromosome while the second row shows the abnormal chromoso
‘apparently normal’ while (E) shows chromosomes “missing” from that spread.are shown separately in two rows. The first row describes the break
mes observed by M-FISH. (D) identifies chromosomes classified as
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particulate radiation is related to the number of chromosome terri-
tories (CTs) intersected by individual tracks [7,12]. Indeed a recent
study demonstrates this directly by showing varying fractions of
complex aberrations to be induced in AG1522 fibroblasts depend-
ing on the p
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uency of simple exchanges induced in NHBE cells after
 low-LET -rays is also lower than that previously
 PBL (Table 1) [5,38,44,45]. Our results are more con-
 those observed in HF19 fibroblasts [46] inferring that
metry and CT organisation may  also be relevant for
on of aberrations of varying complexity after -rays.
ics of damaged chromatin and the existence of spe-
air centres remain controversial [47,48] however a key
e sequential exchange model for the formation of com-
ges is that migration of initially induced damage is
hin localised nuclear regions. This is shown by the
 the sequential linking of independent exchange events
eduction in complex aberrations) when the spatial dis-
ergy deposition along an -particle track is increased
d by each non-reducible rejoining cycle only involv-
maximum of three different chromosomes [28]. Thus,
y of damaged chromatin is limited by its topological
n within the nucleus, impacting on the likelihood that
 participate in ‘rejoining events’ which are beyond an
 distance’ of ∼>1 m [13,49]. Accordingly for low dose
damage induced in CTs that occupy peripheral pos-
in ellipsoid nuclei (i.e. where less of their CT surface
 another CT) may  be too distant to interact with other
 the efficient induction of an interchange (simple or
f valid then one might anticipate a greater proportion
her than inter-chromosomal exchanges for peripheral
o interior positioned chromosomes [50]. In addition, it
er support the expectation that exchange aberrations
ed by the combined surface area of neighbouring terri-
eby exchange partners reflect nuclear organisation and
eighbourhoods [13,51–54].
l established that the interphase positions of CTs dis-
ndom preferential positioning within the cell nucleus
e of variability between individual cells. For instance, it
dely reported that chromosomes adopt a radial position
ne density whereby gene-rich chromosomes occupy the
he nucleus in spherical nuclei [17,55]. Such an organi-
lso been observed in non-spherical, flattened cells such
ts but in addition, the size of the chromosome has also
 to be important [16,18]. However when one consid-
tive compared to non-proliferative cells and also cells
tages of differentiation or disease status, chromosome
 change, implying other factors such as transcriptional
y  be the dominant mechanism involved [30,29,56,57].
r ellipsoid NHBE cells do not fit completely with size
ositioning since there are larger and smaller chromo-
rds the nuclear periphery and the largest chromosome
e 1) is in an intermediate nuclear location. The data
 gene-density distribution either even though there
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he periphery and interior have intermediate density
ig. 2). Therefore our data may  be consistent with the
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 the chromosomes tested (chromosomes 16, 17 and 21)
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 neighbouring territories in interphase. Interestingly,
es 16 and 21 were identified by SCHIP analysis [32]
domly forming exchanges in NHBE cells more often
ted after exposure to ionising radiation (Table 3). In
 this, we also identified exchanges between chromo-
3), (9;17), (9;18) and (12;18) to occur more frequently
ted assuming randomness. Thus, we find evidence of
ecific chromosome associations in keeping with the
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 Cornforth et al. [22] and Arsuaga et al. [59]. However
to the aforementioned studies, our radiation-induced
ata-set for NHBE cells was extremely limited. Therefore
these findings we performed 2-colour FISH analysis on
 identified non-random pairs; (1;13), (9;17) and (16;21).
ments (ImageJ software, NIH, www.rsb.info.nih.gov) of
m distance between the edge:edge boundaries of each
e pair show that, on average, at least one chromosome
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Table 6
M-FISH karyotype of DMS53.
Cell 1
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),+2,ace(2;6),der(2)t(2;12),der(2)t(7;2;12),der(2)t(9;16;2;10),der(3)t(16;3;5),der(4)t(4;10;16),+5,del(5q),+6,der(6)t(4;7;6;5),der(6)t(12;4;7;6;5),der(6)t(6;15),
der(7)t(13;2;7;14;11),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;15),ace(12;19;21),del(12q),−13,der(13)t(17;13′;1;5),−14,ace(14p),
der(14;11)t(14;11;X),del(16q),der(17)t(17;18),del(17p),der(18)t(3;18),ace(18q),ace(18q)x2,der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(5;20)
Cell  2
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),der(4)t(4;10;16),+5,+6,der(6)t(4;7;6;5),der(6)t(4;6;15),der(7)t(13;2;7;14;11),der(8)(1;8)x2,
der(8)t(16;8;1),ace(8q),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,del(12q),ace(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),del(16q),der(17)t(17;18),
der(17)t(8;17),der(18)t(3;18),del(18q),ace(18q)x2,der(19)t(2;19),ace(19q),der(20)t(9;20)x2,der(20)t(12;20),der(21)t(8;21)
Cell 3
47,X,+X,−Y,der(X)(X;18),der(X)t(X;16;10),der(1)t(1;11),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),der(4)t(4;10),del(5q),ace(5;12),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(6)t(6;18),der(7)t(13;2;7;14;11),
+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x3,+12,+12,ace(12;19;21),del(12q),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),
der(15)(14;15),der(16)t(12;16),der(17)t(17;18),der(18)t(18;3;6),ace(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(8;21)
Cell 4
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(9;16;2;10),der(2)t(15;2;7),del(4q),der(5;20)t(5;20;12),ace(5;20),ace(5;21),+6,der(6)t(4;7;6;5),der(6)t(1;6),
der(7)t(13;2;7;14;7),+8,der(8)(1;8),der(8)t(16;8;1),−9,ace(9;16),der(9)t(9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),del(12q),ace(12q)x2,−13,der(13)t(17;135),
−14,der(14;11)t(14;11;X),der(15)(14;15),der(16)t(5;3;16;12),del(16q),der(17)t(10;17),der(17)t(17;18),del(18),ace(18q),der(19)t(2;19),der(19)t(7;19)x2,der(20)t(9;20),der(21)t(8;21),−22
Cell  5
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(7;2;12),der(2)t(9;16;2;10),−3,der(3)t(;16;3),del(4q),+6,der(6)t(4;7;6;5),der(6)t(1;6),−7,der(7)t(13;2;7;14;7),
+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,
der(14;11)t(14;11;X),der(15)(14;15),der(16)t(5;3;16;12),del(16q),ace(16;13;5),der(17)t(17;18),der(17)t(10;17),del(18),ace(18q),der(19)t(2;19),der(19)t(7;19)x2,ace(19q),der(20)t(9;20)x2,der(20)t(5;20),der(21)t(8;21)
Cell 6
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(7;2;12),der(2)t(9;16;2;10),del(4q),del(5q),+6,der(6)t(4;7;6;5),der(6)t(1;6),−7,der(7)t(13;2;7;14;7),+8,der(8)(1;8)x2,
der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),
der(16)t(5;3;16;12),del(16q),ace(16;17;5),der(17)t(17;18),der(17)t(10;17),del(18),der(19)t(2;19),der(19)t(7;19)x2,ace(19q),der(20)t(9;20)x2,der(20)t(5;20),der(21)t(8;21)
Cell 7
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),ace(3;18),der(4)t(4;10),+5,der(5)t(5;8),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(7)t(13;2;7;14;7),
+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;2;21),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),del(16q),
der(17)t(17;18),der(17)t(10;17),del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(12;20;2)
Cell 8
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),ace(3;18),der(4)t(4;10;16),der(5)t(5;15),+6,der(6)t(4;7;6;5),der(6)t(6;5),der(7)t(13;2;7;14;11),
+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),
del(16q),der(17)t(17;18),del(17p),del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(8;21)
Cell 9
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),ace(3;18;5),der(4)t(4;10;16),der(5)t(5;18),+6,der(6)t(11;4;7;6;5),der(6)t(6;15),
der(7)t(13;2;7;14;11;5),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;2;21),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),
der(15)(14;15),del(16q),der(17)t(17;18),del(17p),ace(18q)x2,del(18q),del(18q),der(19)t(2;19),der(19)t(1;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(12;20),der(21)t(8;21)
Cell 10
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),der(2)t(2;7),der(2)t(9;16;2;10),ace(2;14),der(3)t(3;16),ace(3;18),der(4)t(4;10),der(5)t(5;20),+6,der(6)t(4;7;6;5;2),der(6)t(6;15),der(7)t(13;2;7;14;11),
+8,der(8)(1;8),der(8)t(16;8;1),ace(8q),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,del(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(14)t(17;14;9;12),ace(9;14),
der(15)(14;15),der(16)t(5;16),del(16q),der(17)t(17;18),der(17)t10;17),ace(18q)x2,del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(21)t(21;12;9)
Cell 11
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2;3)t(10;2;3),der(3)t(3;16),der(4)t(4;10),+5,+6,der(6)t(4;7;6;5),der(6)t(6;15)x2,ace(6;9),der(7)t(5;7),+8,der(8)(1;8)x2,
der(8)t(16;8;1),−9,der(7;9)t(17;9;7;14;11),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(16)t(16;2;13),
del(16q),der(17)t(17;18),der(17)t(17;10;9),der(18)t(3;18),ace(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),der(20)t(9;20),der(20)t(12;20),ace(20),der(21)t(8;21)
Cell 12
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),der(4)t(4;11),der(4)t(4;10),+5,del(5q),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(6)t(6;11),
der(7)t(5;7),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,ace(14p),der(14;11)t(14;11;X),
der(15)(14;15),der(16)t(162;13),del(16q),der(17)t(17;18),der(17)t(10;17),ace(17;2;14;11),der(18)t(3;18),del(18q),ace(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(5;21;8)
Karyotypes presented as ISCN (2009) nomenclature. Breakpoints are omitted due to the difficulty in assigning translocation breakpoints.
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Table 7
Clonal chromosome exchanges observed in DMS53.
Clonal exchanges Cell number
1 2 3 4 5 6 7 8 9 10 11 12
der(X)t(X;18
der(1)t(1;11
der(1)t(11;1
ace(1;13;10
ace(2;6) 
der(2)t(2;7) 
der(2)t(7;2;1
der(2)t(9;16
der(3)t(3;16
der(3)t(16;3
ace(3;18) 
der(4)t(4;10
der(4)t(4;10
der(6)t(1;6) 
der(6)t(4;7;6
der(6)t(6;15
der(7)t(13;2
der(7)t(13;2
der(7)t(5;7) 
der(8)(1;8) 
der(8)t(16;8
der(9)t(9;17
der(9)t(16;9
der(10)t(10;
der(11)t(11;
der(12)t(12;
der(12)t(12;
ace(12;19;2
der(13)t(17;
der(14;11)t(
der(15)(14;1
der(16)t(5;3
der(17)t(17;
der(17)t(10;
der(18)t(3;1
der(19)t(2;1
der(19)t(7;1
der(20)t(9;2
der(20)t(5;2
der(20)t(12;
der(21)t(8;2
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